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►  Multi-layer  LiMxi204/SrRu03  epitaxial  film  electrode  was  successfully  fabricated. 

►  SrRu03  as  an  electronic  conducting  buffer  layer  improved  electrochemical  property. 

►  No  effects  on  the  LiMn204  structure  with  the  stacking  of  the  buffer  layer. 

►  Electrochemical  property  depends  on  an  electronic  contact  of  the  substrate/electrode. 
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Multi-layer  thin  films  of  LiMn2C>4/SrRu03  have  been  epitaxially  grown  on  SrTiC>3  (111)  substrates  using 
a  pulsed  laser  deposition  method.  The  multi-layer  electrodes  show  excellent  electrochemical  properties 
due  to  introduction  of  an  electronic  conducting  buffer  layer  between  the  lithium  cathode  film  and 
semiconducting  substrate.  Moreover,  the  electrochemical  characteristics  of  the  lithium  cathode  materials 
are  strongly  dependent  on  the  electronic  contact.  Thus,  the  epitaxially  grown  electrodes  can  be  used  as 
ideal  crystalline  models  to  obtain  information  about  the  lattice  plane,  surface  roughness,  and  thickness  of 
electrodes.  This  information  can  be  used  to  elucidate  the  reaction  mechanisms  of  lithium  batteries. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  order  to  develop  next-generation  lithium  batteries,  it  is 
important  to  understand  their  reactions.  Recently,  epitaxially 
grown  thin  films  have  been  developed  as  model  electrode  systems 
to  clarify  the  reactions  at  the  electrochemical  interface  [1—8],  The 
model  systems  have  provided  new  insights  into  lithium  battery 
reactions.  These  epitaxial  model  electrodes  provide  a  simple  two- 
dimensional  reaction  field  due  to  their  flat  surface  with  a  roughness 
of  less  than  1  nm,  thus  enabling  continuous  surface  structural 
changes  to  be  detected  by  in  situ  surface  X-ray  and  neutron  scat¬ 
tering  techniques  [1—8].  In  addition,  the  thin  film  electrodes  have 
a  unitary  crystal  plane  parallel  to  the  interface  between  the  elec¬ 
trodes  and  the  electrolyte  due  to  the  presence  of  single  crystal 
substrates,  thus  providing  novel  information  about  the  lattice  plane 
dependence  on  (de)intercalation  mechanisms  as  well  as  informa¬ 
tion  about  the  surface  stability  [1-6,8], 
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However,  the  electrochemical  properties  of  these  epitaxial 
model  systems  have  not  been  well  characterized,  although  in  situ  or 
ex  situ  experimental  measurements  of  structure  changes  due  to 
electrochemical  reactions  provide  atomistic  information  about  the 
interfacial  region.  This  might  be  due  to  an  electric  contact  between 
the  semiconducting  substrate  and  semiconducting  electrode  used 
for  the  lithium  battery  reaction.  For  example,  the  theoretical 
capacity  of  LiMn2C>4  could  not  be  obtained  for  the  epitaxial  film 
electrode.  Unfavorable  effects  due  to  the  single  crystal  substrates 
could  affect  the  electrochemical  properties  of  the  LiMn2C>4  thin  film 
electrodes.  This  might  be  due  to  a  strain  caused  by  the  substrate, 
which  affects  the  structural  changes  and  phase  transitions  [9—11], 
thus  decreasing  its  electrochemical  response  by  lithium  (de)inter- 
calation.  Poor  electric  conduction  of  the  single  crystal  substrates  of 
Nb-doped  SrTiC>3  (0.5%Nb,  10  x  10  x  0.5  mm  size  with  a  specific 
electrical  resistance  of  5.28  x  10-3  O  cm  at  room  temperature) 
could  prevent  charge  transfer  at  the  electrochemical  interface. 
Although  Nb  doping  decreases  the  specific  electrical  resistance  of 
SrTiC>3  (>107  Q  cm),  its  absolute  value  is  quite  large  compared  to 
metallic  substrates  (Al:  2.66  x  10-6  Q  cm;  Cu:  1.67  x  10-6  fl  cm), 
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Table  1 

PLD  conditions  for  epitaxial  SrRu03  thin  films. 

Target  Temperature  Distance  Duration  Energy  Frequency  02 

l°C  Icm  time  /mj  /Hz  pressure 

/min  /Pa 

SrRuOa  600-700  6.0-7.0  30-60  80  5-10  10 

U1.2Mn204  650  6.0-7.0  30  80-90  10  6.6 


which  are  generally  used  as  current  collectors  of  the  electrodes  in 
lithium  batteries.  A  heterojunction  between  the  electrode  thin 
films  and  SrTi03  substrates  could  induce  rectification  behavior, 
because  both  the  electrodes  and  the  substrates  are  semiconductors 
[12-15].  Side  reaction  or  ionic  diffusion  between  the  substrate  and 
electrode  during  pulsed  laser  deposition  (PLD)  synthesis  might  also 
be  a  factor  that  prevents  the  electronic  conduction. 

In  the  present  study,  a  metallic  SrRu03  film  with  a  perovskite 
structure  was  introduced  as  a  buffer  layer  between  the  electrodes 
and  substrates.  SrRuC>3  was  chosen  due  to  its  small  lattice  mismatch 
with  the  SrTi03  substrate,  its  metallic  conductivity  of  <10-3  Q  cm 
and  easiness  to  grow  its  thin  film  with  an  atomically  ideal  flat 
surface  [11,16—18],  Consequently,  the  same  epitaxial  growth 
conditions  as  the  SrTiC>3  substrate  for  lithium  battery  thin  film 
electrodes  can  be  used.  Multi-layered  electrodes,  LiMn204/SrRu03, 
were  synthesized  on  SrTi03  (111)  substrates,  and  their  electro¬ 
chemical  properties  were  clarified. 

2.  Experimental 

PLD  conditions  for  the  synthesis  of  a  SrRuCU  thin  film  and  the 
properties  of  the  film  as  a  buffer  layer  have  been  reported  [19-21  ]. 


LiMn204/SrRu03  multi-layer  thin  films  were  grown  on  SrTiC>3  (111) 
substrates  using  a  KrF  excimer  laser  with  a  wavelength  of  248  nm 
and  PLD  apparatuses  (PLAD131,  AOV  Inc.  and  PLD  3000,  PVD 
Products,  Inc.).  The  substrates  were  washed  with  ultra  pure  water 
and  annealed  at  1000  °C  under  oxygen  gas  flow.  After  the  annealing 
treatment,  gold  deposition  was  carried  out  for  both  the  back  and 
lateral  sides  of  the  substrates  using  a  QUICK  COATER  SC-701  (Sanyu 
Electron  Co.,  Ltd.).  A  sintered  SrRuC>3  (Toshima  Manufacturing  Co., 
Ltd.)  was  used  as  the  PLD  target.  The  synthesis  conditions  of  the 
PLD  target  for  LiMn2C>4  deposition  have  been  described  elsewhere 
[3].  Table  1  summarizes  the  synthesis  conditions  for  the  PLD 
deposition  of  each  layer.  After  the  SrRuC>3  deposition,  the  substrates 
were  cooled  down  to  room  temperature.  Then,  the  substrates  were 
reheated  to  650  °C  for  the  next  LiMn2C>4  deposition.  The  entire 
process  for  multi  stacking  was  performed  in  a  vacuum  chamber  to 
avoid  surface  contamination  of  the  SrRuC>3  buffer  layer  [22,23],  The 
surface  morphology  and  roughness  of  the  SrRuC>3  were  investigated 
by  atomic  force  microscopy  (AFM,  JSPM-5200,  JEOL  Ltd.).  Orienta¬ 
tions  and  thicknesses  of  the  films  were  characterized  by  X-ray 
diffraction  (XRD)  and  X-ray  reflectometry  (XRR)  using  a  thin-film 
X-ray  diffractometer  (ATX-G,  Rigaku)  with  Cu  Kai  radiation.  XRR 
results  were  analyzed  using  the  Parratt32  software  to  evaluate  the 
thickness,  density  and  roughness  of  each  layer. 

Electrochemical  characterizations  were  performed  using  a  two- 
electrode  configuration.  Cells  were  assembled  inside  an  argon- 
filled  glove  box  with  lithium  metal  as  the  counter  electrode  and 
the  LiMn204/SrRu03  thin  films  as  the  working  electrode.  Ethylene 
carbonate  (EC)/diethyl  carbonate  (DEC)  with  a  molar  ratio  of  3:7 
was  employed  as  a  solvent  and  a  supporting  electrolyte  of  1  M 
LiPF6.  Cyclic  voltammetry  (CV)  was  carried  out  using  a  potentio / 
galvanostat  (CompactStat,  IVIUM).  Galvanostatic  charge-discharge 
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Table  2 

XRR  analysis  results  for  SrRu03  thin  film. 


Surface  layer 

SrRuOs 

Substrate 

x2 

t/nm  d/gcm-3 

r/nm  t/nm  d/g  cm' 

3  r/nm  r/nm 

(lOg(Rexp)-lOg(Rflt))2 

1.75  5.80 

0.73  32.8  6.33 

0.22  1.19 

0.0021 

measurements 

were  performed  after  the  CV 

measurement.  A 

constant  current  at  a  rate  of  0.64  C  was  applied  for  the  charged  or 
discharged  conditions  at  25  °C  without  any  holding  time. 

3.  Results  and  discussion 

3.1.  Characterization  ofSrRu03  buffer  layer 

The  SrRuC>3  buffer  layers  were  characterized  by  XRD  and  XRR. 
Fig.  1(a)  shows  the  out-of-plane  XRD  pattern  of  the  SrRuC>3  thin  film 
deposited  on  the  SrTi03  substrate  at  an  energy  of  100  mj  for 
a  duration  time  of  30  min.  The  observed  diffraction  peaks  of  the 
SrRuC>3  film  are  indexed  using  a  pseudo  cubic  unit  cell  [23],  The  film 
shows  the  222  diffraction  line,  indicating  a  (111)  orientation  of  the 
SrRuC>3  on  the  SrTi03  (111 ).  The  lattice  parameter  of  a  pseudo  cubic 
lattice  calculated  by  the  222  diffraction  is  3.948  A,  indicating 
formation  of  a  perovskite  structure  with  a  slightly  larger  unit  cell 
than  the  SrTi03  substrate  (a  =  3.901  A).  Pendellosung  interference 
fringes  are  observed  in  the  out-of-plane  XRD  pattern  around  the 
222  diffraction  peak  of  the  film.  These  fringes  are  usually  observed 
when  thin  films  have  strong  orientation  characteristics  [11,24,25], 


The  fringes  in  the  diffraction  peaks  show  a  highly  oriented  char¬ 
acter  of  the  SrRuC>3  buffer  layer. 

In  the  in-plane  XRD  pattern  along  the  [1-10]  direction  of  the 
substrate,  no  diffraction  line  attributed  to  the  SrRuC>3  structure  is 
observed.  This  indicates  that  the  SrRuC>3  thin  film  has  a  similar 
lattice  parameter  to  that  of  the  substrate  ( a  —  3.901  A)  along  the  [  1  — 
10]  direction.  The  XRD  pattern  for  the  rocking  curve  of  the  222 
reflection  in  Fig.  1(b)  shows  a  sharp  diffraction  peak  with  a  full 
width  at  a  half  maximum  value  of  0.0783°.  The  deposited  SrRuC>3 
thin  films  have  a  highly  oriented  character  in  both  the  perpendic¬ 
ular  and  horizontal  directions.  The  lattice  volume  is  calculated  to  be 
60.1  A3  based  on  the  lattice  parameters  of  3.948  A  and  3.901  A  for 
the  out-of-plane  and  in-plane  directions,  respectively.  This  value  is 
in  good  agreement  with  the  stoichiometric  SrRuC>3  epitaxial  thin 
films  with  metallic  behavior  and  a  small  resistivity  of 
<2  x  10-6  G  cm  at  300  K  [26], 

Fig.  1(c)  shows  the  XRR  spectra  of  both  the  observed  and 
calculated  curves.  These  spectra  are  plotted  as  a  function  of  the 
scattering  vector  q  =  4%  sin $l\  where  X  is  the  X-ray  wavelength 
(1.541  A)  and  d  is  the  incident  angle.  A  three-layer  model  was 
applied  for  the  fitting  of  the  XRR  spectra  to  take  into  account  the 
formation  of  the  impurity  layer  [27,28].  Table  2  summarizes  the 
refined  parameters  of  each  layer,  thickness:  t,  density:  d  and 
roughness:  r.  The  density  and  thickness  of  the  SrTi03  substrate 
were  fixed  as  5.12  g  cm-3  and  0.5  mm,  respectively.  A  surface 
impurity  layer  with  a  density  of  p  =  5.80  g  cm-3  could  be  attributed 
to  Sr2Ru04  (p  =  5.75-5.96  g  cm-3).  The  roughness  values  of  the 
impurity  layer  and  the  SrRu03  thin  film  are  determined  to  be  0.73 


20  40  60  80  100  20  40  60  80  100 


Fig.  2.  XRD  patterns  for  the  LiMn204  epitaxial  thin  film  electrodes,  (a)  out-of-plane  and  (b)  in-plane  along  the  [1-10]  direction  of  the  substrate,  (c)  rp  scan  XRD  patterns  of  the  4-40 
reflection  of  the  spinel.  Red  and  black  lines  are  attributed  to  the  LiMn204/SrRu03  and  the  LiMn204,  respectively,  (d)  XRR  spectrum  and  fitting  curve  for  the  LiMn204/SrRu03.  The 
inset  shows  the  simulation  model.  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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and  0.22  nm,  respectively.  The  flat  surface  could  enhance  the 
formation  of  smooth  LiMn2C>4  films  on  the  buffer  layer.  The  thick¬ 
ness  of  the  SrRuC>3  is  controlled  from  5  to  50  nm  without  any 
significant  changes  in  the  roughness  and  the  density  by  changing 
the  duration  time  and  laser  energy  of  the  PLD  conditions. 

The  AFM  image  is  shown  in  Fig.  1(d).  Although  an  ideal  step  with 
a  terrace  structure  is  not  observed,  a  large  flat  area  in  micrometer 
order  is  confirmed.  Fig.  1(e)  shows  the  line  profile  of  the  voids  at  the 
flat  region  of  the  SrRuC>3  buffer  layer.  The  difference  in  height 
between  the  surface  of  the  buffer  layer  and  the  hollow  point  is 
about  5  nm.  The  surface  morphology  observed  indicate  that  SrRuC>3 
is  suitable  as  a  buffer  layer  of  LiMn2C>4  electrodes. 


3.2.  Characterization  of  LiMn204/SrRu03  multi-layer  film 

LiMn204  and  LiMn204/SrRu03  epitaxial  thin  films  were  depos¬ 
ited  on  the  SrTiC>3  (111)  substrates  without  exposure  to  ambient  air 
using  the  same  PLD  conditions.  Fig.  2(a,b)  shows  the  respective  out- 
of-plane  and  in-plane  [1-10]  XRD  patterns  of  the  LiMn204  and 
LiMn204/SrRu03  films  deposited  on  the  SrTi03  (111).  Both  films 
show  111,  222,  333  and  444  diffraction  lines,  indicating  a  (111) 
orientation  of  the  LiMn2C>4  films  on  the  SrTiC>3  (111).  The  lattice 
parameter  of  the  spinel  is  calculated  to  be  8.253  and  8.225  A  for 
LiMn204  and  LiMn204/SrRuC>3,  respectively.  The  parameter  slightly 
increases  along  the  [111]  direction  when  the  buffer  layer  is  intro¬ 
duced.  The  LiMn204  of  both  films  shows  the  [1-10]  orientation 
along  the  in-plane  [1—10]  direction  of  the  SrTiC>3  substrate.  The 
epitaxial  LiMn204  films  are  successfully  synthesized  on  the  SrRuC>3 
buffer  layer  [3,6],  The  lattice  parameter  of  8.229  A  calculated  from 
the  4-40  diffraction  peak  of  the  spinel  in  LiMn204/SrRuC>3  is 
slightly  smaller  than  the  parameter  along  the  [111]  direction, 
indicating  an  anisotropic  strain  due  to  the  substrate.  However,  the 
difference  of  the  lattice  parameter  of  the  spinel  in  LiMn204/SrRuC>3 
between  the  [111  ]  and  [1-10]  directions  is  0.024  A,  which  is  smaller 
than  that  of  the  spinel  in  LiMn2C>4  (0.049  A)  without  the  buffer 
layer.  The  SrRuC>3  buffer  layer  reduces  the  strain  of  lattice  mismatch 
between  the  LiMn2C>4  and  SrTi03  substrate.  Out-of-plane  and  in¬ 
plane  measurements  indicate  that  the  LiMn204  thin  film  is 
slightly  distorted  from  the  ideal  cubic  spinel  structure.  To  confirm 
the  symmetry,  the  <p  scan  was  measured  with  a  fixed  2(9%  value  for 
the  4—40  reflection.  Fig.  2(c)  shows  the  XRD  patterns  for  the  <p  scan 
of  the  LiMn204  and  the  LiMn204/SrRu03.  Six  diffraction  peaks  at  an 
interval  of  60°  indicate  a  sixfold  symmetry  of  LiMn204  along  the 
[111]  direction  for  both  films. 

Fig.  2(d)  shows  the  observed  and  calculated  XRR  spectra  of  the 
LiMn204/SrRu03  thin  films.  Table  3  summarizes  the  refined 
parameters,  thickness:  t,  density:  d  and  roughness:  r,  of  each  layer. 
The  residual  sum  of  squares  for  LiMn204/SrRuC>3  (0.0230)  is  higher 
than  that  for  LiMn204  (0.0021 )  due  to  a  multi-layer  character.  The 
reflectivity  data  confirms  the  existence  of  the  impurity  layer  with 
a  density  of  2.11—2.14  g  cm-3,  which  may  be  due  to  Li2C03 
( p  =  2.1  g  cm-3)  or  LiOH  (p  =  1.5  g  cm-3)  [1—3,7],  A  formation  of  the 
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results  for  the  (a)  LiMn204/SrRu03  and  (b)  LiMn204  thin  films. 
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Fig.  3.  CV  ci 

LiMn204(22  nm)/SrRu03(6  nm)  and  (c)  LiMn204(33  nm)/SrRu03(38  nm).  Scan  ra 
the  measurements  were  (a)  5  mV  s  (b)  5  mV  s-1  and  (c)  1  mV  s  '. 


interphase  layer  with  a  density  of  4.39—4.55  g  cm-3  is  also 
confirmed  between  the  LiMn204  and  SrRu03.  The  LiMn204/SrRu03 
film  shows  a  small  roughness  of  about  1  nm,  which  is  comparable 
to  that  of  LiMn204.  There  is  no  significant  difference  in  the  density 
of  the  spinel  between  the  LiMn204/SrRu03  and  the  LiMn204,  and 
the  density  value  is  in  good  agreement  with  the  theoretical  value  of 
LiMn2C>4  (/>  =  4.28  g  cm-3).  To  summarize  the  structures  of  the 
multi-layer  film,  no  differences  in  thickness,  density  and  roughness 
are  observed  for  the  spinel  between  LiMn204  and  LiMn204/SrRu03 
films.  The  multi-layer  thin  films  deposited  on  the  SrTi03  (111)  are 
suitable  as  model  electrodes  [1—8], 


3.3.  Electrochemical  properties  of  LiMn204/SrRu03  multi-layer  film 

Fig.  3  shows  the  CV  curve  of  the  LiMn204  and  LiMn204/SrRu03 
electrodes.  The  CV  curve  of  LiMn204(22  nm)  shows  no  redox  peaks 
in  cathodic  and  anodic  scans  with  passing  currents  below  1.0  pA. 
On  the  other  hand,  the  LiMn204/SrRu03  electrodes  show  redox 
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peaks  around  4.0  and  4.1  V.  Oxidation  and  reduction  peaks  are 
observed  around  4.0  and  4.1  V  in  the  cathodic  and  anodic  scans, 
which  are  attributed  to  the  lithium  extraction  and  insertion  reac¬ 
tion,  respectively  [29,30],  The  SrRu03  buffer  layer  enhances  the 
electrochemical  properties  of  the  LiMn204  epitaxial  thin  film 
electrodes.  Because  no  significant  differences  in  thickness,  density 
and  roughness  are  observed  between  both  films,  the  enhancement 
of  the  electrochemical  properties  is  attributed  to  the  change  in 
electronic  connection  at  the  semiconducting  substrate  and  semi¬ 
conducting  electrode.  Furthermore,  the  interphase  formed  at  the 
electrode/buffer  layer  interface  does  not  affect  the  electrochemical 
property.  The  LiMn2C>4(33  nm)/SrRuC>3(38  nm)  shows  clear  redox 
peaks  with  a  current  four  times  as  large  as  that  of  the  LiM- 
n204(22  nm)/SrRu03(6  nm).  The  thickness  of  the  buffer  layer  affects 
the  electrochemical  properties  of  the  LiMn204  electrode. 

The  LiMn204/SrRu03  multi-layer  film  electrodes  were  subjected 
to  a  charge-discharge  test  after  the  CV  measurement.  Fig.  4  shows 
the  charge-discharge  curves  of  the  multi-layer  film  electrodes.  The 
specific  capacities  of  the  multi-layer  electrodes  were  calculated 
based  on  the  amount  of  the  LiMn204  defined  by  the  area  (0.9  mm2), 
density  (4.28  g  cm-3)  and  thickness  (22  or  33  nm).  The 
LiMn204(22  nm)/SrRu03(6  nm)  shows  a  small  charge  capacity  of 
44  mAh  g_1  (theoretical  capacity  148  mAh  g-1),  with  (i)  no  plateau 
regions  corresponding  to  the  lithium  (de)intercalation,  (ii)  different 
shapes  between  the  charge  and  discharge  curves,  and  (ii)  a  large 
irreversible  capacity  of  26  mAh  g  1  which  corresponds  to  60%  of 
the  charge  capacity.  On  the  other  hand,  the  LiMn204(33  nm)/ 
SrRu03(38  nm)  shows  a  discharge  capacity  of  125  mAh  g  1  with 
a  small  irreversible  capacity  of  10  mAh  g-1,  with  clear  plateau 
regions  in  the  charge  and  discharge  processes.  Excellent  electro¬ 
chemical  properties  are  observed  for  thicker  buffer  layers.  The 
electrochemical  property  depends  on  the  thickness  of  the  metallic 
buffer  layer,  and  a  thicker  film  is  necessary  for  good  electrochemical 
characteristics.  To  summarize,  excellent  electrochemical  properties 
are  observed  for  the  epitaxial  LiMn204  thin  film  electrode  using 
LiMn204/SrRu03  multi-layer  compositions  with  the  38  nm-thick 
buffer  layer. 

4.  Conclusion 

LiMn204/SrRuC>3  multi-layer  epitaxial  thin  film  electrodes  were 
successfully  synthesized  on  SrTiC>3  (111)  by  the  PLD  method.  The 
SrRuC>3  (111 )  buffer  layers  showed  a  highly  oriented  and  notable  flat 
surface,  which  could  provide  a  suitable  bottom  field  for  the 
epitaxial  growth  of  the  LiMn204  epitaxial  thin  films.  No  significant 
degradation  was  observed  for  the  quality  of  the  epitaxial  LiMn204 
thin  film  electrodes  deposited  on  the  buffer  layer,  compared  to  the 
direct  deposition  on  the  SrTiC>3  substrate.  Obtained  multi-layer 
electrodes  provide  not  only  a  restricted  reaction  field  suitable  for 


mechanistic  studies  of  the  interfacial  reactions,  but  also  enhance 
the  electrochemical  properties  of  the  electrodes.  As  a  result,  their 
detailed  reaction  mechanism  is  worth  discussing.  Lithium  (de) 
intercalation  through  the  (111 )  plane  of  the  LiMn204  electrodes  was 
confirmed  by  the  electrochemical  techniques,  cyclic  voltammetry 
and  charge-discharge  measurements. 
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